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ABSTRACT

The effect of the purity and thickness of titanium interstitial sink on the
residual concentrations of interstitials in columbium was considered from a thermo-
dynamic viewpoint. It was concluded that the equilibrium concentrations of inter-

stitials in columbium is not a sensitive function of these parameters.

The structure and hardness of Ti/D-43 diffusion couples were correlated
with the partitions of interstitials between the two metals. A reduction in the
oxygen and carbon concentration in the D-43 correlates with an increase in the
grain size and a change in the grain morphology of this alloy. The equilibrium
partition of interstitials between the titanium and the D-43 is believed to account
for an increase in the hardness of the titanium, but this partition does not seem to
affect the hardness of the D-43.
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I. INTRODUCTION

The term "interstitial sink' is used to describe a metal in which the partial
molar free energy of an interstitial element in solution is low relative to that in an
adjoining metal so that interstitials tend to concentrate in the metal (sink) where their
free energy is lower. In many practical applications it is necessary to place refractory
metals, strengthened by interstitial dispersions, in contact with other elements that act
as interstitial sinks. Oxidation protective coatings, braze alloys, and diffusion bonding
intermediates are three examples of such usage. Under such circumstances the oper-
ating temperatures are often sufficiently high so that redistribution of interstitials occurs
very rapidly from the refractory base metal into the sink metal. Subsequent dissolution
of the interstitial phase in the refractory metal canlead to a serious loss of strength for

many refractory alloys.

This is the second quarterly progress report under Contract NAS-7-469,
"Structural Effects of Interstitial Sinks'. This investigation is a study of the structural
changes in columbium base alloys caused by the migration of interstitials to an inter-
stitial sink. The effects of variables such as alloy processing, partition of interstitials
between the sink and the alloy, and chemical activity of the sink on the structure of the
alloy will be studied and correlated with the creep behavior of the alloy. The refractory
metals selected for this study are columbium base alloys such as D-43 (Cb-10W-1Zr-0.1C)
and Cb752 (Cb~-10W-2,5Zr). The former alloy is carbide strengthened and the latter alloy
is oxide strengthened. During the previous quarter the materials necessary for this
program were procured. During this quarter the structural changes induced by exposing
D-43 sheet to a titanium sink at an elevated temperature were studied, and construction

of a high temperature creep facility was continued.



II. THEORETICAL BASIS

For a reaction to occur there must be a driving force, i.e., an overall
reduction in free energy. The driving force for the migration of interstitial atoms
from a refractory metal to a sink metal is the reduction in free energy gradients
caused by differences in the relative activities (the effective concentration) of inter-
stitial solute atoms in the sink metal and the refractory metal. In this regard, the
thermodynamic free energy changes are the basic criteria for predicting the feasibility
of a reaction without regard to the rate of the reaction. This section is a discussion
of the interstitial sink effect from a thermodynamic viewpoint and thus deals quanti-
tatively with equilibrium conditions without considering the rate of approach to equali-
brium.

To predict the kinetics of a reaction such as the migration of interstitials
from a refractory metal to a sink metal, the rate controlling mechanism must be
known (e.g., various interstitial diffusion mechanisms, interstitial reactions at
various interfaces or imperfections, etc.). The complexities of refractory alloys
such as D-43, however, lead to considerable uncertainty regarding the possible
identity of the rate controlling step or steps. Thus, the kinetics of interstitial
partition will not be discussed separately in this section. However, when it is deemed
appropriate the kinetics of interstitial partition will be discussed together with the
experimental data that may yield some insight concerning the rate controlling mechanisms.

The change in free energy when one gram atom of an interstitial is added to a

large amount of a metal can be expressed as

M=4° +RTIna (1)
where y is the change in free energy of the solution (chemical potential or partial

o

molar free energy), 4° is the free energy of the solution for unit activity, and 'a' is
the activity of the interstitial in solution in the metal. The value of y° is determined

only by the condition of unit activity or the standard state selected for the system.

The equilibrium equation for the formation of the interstitial compound ‘MX

from an interstitial, X, and a metal, M, is

X +M = MX (2)
for which the free energy of formation is AF‘i. The equilibrium equation that determines
the composition of the terminal solid solution (i.e., the solubility limit) in equilibrium
with MX is

X + M= MX ' (3)



where X is the interstitial in solution in M, For this equation

1
a_

AFE = -RT In
X

Subtracting Eq. (3) from Eq. (2) yields

X=X
and
[ _ ° - o _ ©° 1
- AFg =AF; - AFy = F] +RTIln = (4)
X
Since the standard state is chosen so that the activity is unity at the solubility
limit, u° in Eq. (1) is the change in free energy of the metal at the solubility limit

caused by the solution of the interstitial. This value is AFE} in Eq. (4) so that:

4° =F| + RTIn——. (5)
X
However, for the selected standard state ac in Eq. (4) is equal to one so that
u° - g’
F1 .
Equation (1) is then
4 =F° +RTln a. (6)

1

If Henry's law is assumed to apply to the solubility limit (a = KNC where K is a
constant equal to 1/NS, and NC and NS are the atom fractions of solute and the atom

fraction of solute at the solubility limit, respectively),

a = NC/NS or simply a = C/S. (7)

In the latter equation, C is the atomic fraction of the interstitial and S is its atomic

fraction at saturation. Eq. (6) is then

u = Fl‘f + RTIn C/S. (8)
For two metals, A and B in intimate contact and containing an interstitial element X,
C
= ° -+
Pixina)y=BF px + RTIn 5, ©)
C
u (x in B) = 'AF gx t RT In SB (10)



Assuming negligible interdiffusion of A and B and equilibrium interstitial

partition,
-
S Ca

A.FAX - AFBX =RTIn | (11)

From this equation the equilibrium partitions, CB/CA of an interstitial
between the two metals can be determined if the free energies of formation of the

interstitial compounds and the terminal interstitial solubilities are known.

According to Eq. (11), two factors affect the ratio CA/CB (a measure of
the effectiveness of an interstitial sink). These are the differences in the free energy
of formation of the interstitial compounds AX and BX, and the ratio of maximum inter-
stitial ’solubilities in the sink metal and in the refractory metal, SA/SB' On this basis
a metal will be an effective interstitial sink if it has a relatively large negative free
energy of formation and a high interstitial solubility = However, the solubility of inter-

stitials in the sink metal also influences the effectiveness of the sink in another way.

The interstitial partition between two metals is constant for different concen-
trations according to Eq. (11) until the solubility limit of the interstitial in one of the
metals is exceeded (constant activity in a two phase region). If, for example,

CA = SA’ Eq. (11) becomes
AF°, y - AFpy = RT1n Cp/So. (12)

If SB is known, CB, the equilibrium inte;'stitial concentration remaining in metal B
can be determined. The concentration, CB’ is a constant whose value is determined
by Eq. (12). This condition may be encountered when metal A is a sink of limited
solubility so that its saturation solubility is exceeded at equilibrium interstitial partition
between A and B. The partition CB/ C A under these conditions is no longer constant
since CA can vary while CB has a fixed value. The use of Eq. (12) will be illustrated

for certain metal-sink systems in the following discussion.

In considering the effect of an interstitial sink on the partition of interstitials
in commercial alloys it is hecessary to idealize the problem somewhat because many
of the thermodynamic properties for commerical alloys are not known. For columbium-
base alloys in contact with titanium-base interstitial sinks it is useful to consider the
simple columbium-titanium system as a guide to predict the behavior of interstitials
in the alloys. On this basis various calculations have been made for the titanium-

columbium system that may be of use in predicting the effect of certain parameters on



the partitions of interstitials in alloys such as D-43 when exposed to interstitial sink
environments. However, it should be pointed out that these calculations are intended
to indicate general trends in the equilibrium thermodynamic partition of interstitials

rather than to predict the precise values that will be attained in real systems.

The changes in free energy as a function of the concentrations of carbon and
oxygen in columbium and titanium at 2200°F are shown in Figures 1 and 2. These
values were calculated by use of Eq. (8). The partition of interstitials between titanium
and columbium (CB/CA in Eq. 11) is the concentration shown in these figures for the
same value of the chemical potential, . The approximate partition ratios calculated

according to Eq. (11) for the single phase regions shown in Figures 1 and 2 are

OTi( o )/ OCb = 1200/1 atomic or 2300/1 weight

OTi( 6 )/ Oy, = 465/1 atomic or 900/1 weight

CTi/ Cob = 740/1 atomic or 1430/1 weight

These ratios are, of course, only as accurate as the thermodynamic values substituted
in Eq. (11).

The interstitial concentration remaining in columbium when the concentration
in the titanium sink is that for a two phase region, is determined by Eq. (12). As pre-
viously described, the partition ratio when one of the metals is in a two phase region

is no longer constant.

The Effect of Foil Thickness

If metal #1 has a thickness tl, density Pys and initial and final interstitial
concentrations Cl and le respectively, and if metal #2 has a thickness to,
density py, and initial and final interstitial concentrations Cy and Cys respectively,
then .
CrtPp+ CotaPy=Crpty P+ Coptopy. (13)
and '
ty  Pp (CZf -G, ) . (14)

2 P (G Gy

The most important assumption on which these equations are based is negligible

interdiffusion of metals #1 and #2.




Eq. (13) can be used to illustrate the cffect of the thickness of the titanium
sink on the cquilibrium partition of oxygen and carbon between titanium and colum-
bium. Figure 3 shows the variations in the final concentrations of oxygen and carhon
in columbium as a function of the relative thicknessces of the two metals. The solution
shown in Figure 3 for oxygen is for columbium and titanium with initial oxygen con-
centrations of 500 and 3000 ppm respectively, where sz = 2320C1f and 9OOC1f.
The solution for carbon is for columbium and titanium with initial carbon concentrations
=1430C Although the solution to Eq. (14)

f 1f’
in the region where titanium is single phase is not a straight line, it is approximately

0of 1000 and 500 ppm respectively where C2

so where sz is > than le.

Figure 3 shows that the final carbon concentration in columbium after exposure
to a titanium sink is almost independent of the thickness of the titanium foil relative to
that of columbium until the concentration of carbon in the foil reaches that for single
phase TiC, i.e., where t(Cb)/t(Ti) = ~66. In addition, because of the low solubility
of carbon in titanium, TiC is likely to form in the titanium sink even for relatively
thick foils. In this regard, TiC should be present in titanium foils even if the thickness
of the foil is as great as that of the columbium. It is interesting to note that the residual
carbon concentration in the columbium is not greatly reduced when the thickness of the

titanium approaches that for an infinite sink, i.e., th/tTi = 0.

As shown in Figure 3, the final concentration of oxygen in columbium is more
sensitive to the Cb/Ti thickness ratio than is the final concentrations of carbon in colum-
bium. The concentration of oxygen in columbium increases with decreasing foil thickness
(large thickness ratio) until the concentration of oxygen is that for the two phase structure.
In this regard, titanium appears to be a less effective sink for oxygen than for carbon.
This is partly caused by the larger Cb/Ti solubility ratio at saturation for oxygen relative
to that for carbon. However, another factor, as indicated in Figure 3, is the high con-
centration of oxygen that can be taken up by titanium before an oxygen induced two phase
structure is formed. These results suggest that a metal with a low terminal solubility
for interstitials may be potentially a more effective sink than one with a greater terminal

solubility, assuming other conditions are unchanged.

Effect of Foil Purity

Equation (13) can be written as

5Py (Cop - Cy)

-t (15)

C +C

1P



so that le, the final interstitial concentration in the columbium, can be calculated

for varying values of Cz, the initial interstitial concentration in the titanium. The

value of C1 will also be a function of the Cb/Ti thickness ratio, tl/tZ'

f
The solutions to Eq. (15) where le

columbium for varying values of C2 and tl/’c2 aré shown in Figure 4. For these

is the residual carbon concentration in

solutions, Cl’ the initial carbon concentration in columbium, is 1000 ppm and
CZ

increases with increasing initial carbon concentration in the titanium and reaches a

£ = 1430 le. It can be seen that the carbon concentration remaining in the columbium

constant value when the concentration of carbon in titanium attains that for the formation
of TiC in titanium. The residual carbon concentration in the columbium increases again
when the concentration of carbon in the sink is that for single phase TiC. It can be seen
that TiC will form in a titanium sink whose thickness ratio, t(Cb)/t(Ti), is 5, even if

it contains no carbon initially. However, the effectiveness of titanium as a sink for
carbon in columbium is relatively independent of the initial titanium purity, unless the

thickness of the titanium with respect to columbium is very large.

The solutions to Eq. (15) where C, . is the final oxygen concentration in colum-

1f
bium for varying values of 02 and tl/'c2 are shown in Figure 5. For these solutions,
Cl’ the initial oxygen concentration inthe columbium is 500 ppm and C2f = 900 le and
2300 le. The oxygen concentration remaining in columbium increases along the diagonal

lines shown in Figure 5 as the initial oxygen concentration in the titanium increases and is

constant when the oxygen concentration in the titanium is that for a two phase region.

In general, the residual oxygen concentration in columbium is more dependent
on the initial titanium purity for different Ti/Cb thickness ratios than is the residual
carbon concentration in columbium. However, even for oxygen the effectiveness of the
titanium sink is not significantly changed for reasonable variations in both the initial

oxygen concentration of the titanium and the Ti/Cb thickness ratio.



ITI. EXPERIMENTAL PROCEDURES

The D-43 sheet obtained for this program was processed by Fansteel Corpor-
ation in the duplex (solution annealed, rolled and aged 2600°F) and standard (solution
annealed, rolled, and aged 2300°F) conditions. Further examination of the duplex
processed D-43 revealed that the solution annealing temperature (2900°F) may not
have been sufficiently high to take the carbide dispersions into solution so that subse-
quent duplex aging at 2600°F did not induce significant additional carbide precipitation.
Tensile tests at 2200°F showed the duplex D-43 to be weaker than the standard heat
treated D-43 whereas it had been previously determined that duplex material processed
by du Pont using a 3000°F solution anneal was stronger than the standard heat treated
D-43. Duplex D-43 which had been processed by du Pont was, therefore, obtained so
that the difference in structure induced by the two duplex treatments and the interstitial
sink effects on these structures could be investigated. For simplicity, the D-43 in the
duplex heat treated condition will be referred to as D-43 (Dup F) and D-43 (Dup D) for
material processed by Fansteel and du Pont respectively, while D-43 in the standard
heat treated condition will be referred to as D-43 (Std). |

Construction of a high temperature vacuum creep facility for use in this program
was continued during this period. It is anticipated that this device will be operational
within a few weeks. Creep tests will be conducted at constant stress by use of constant-
stress lever arm similar to the one described by Fullman, et al (1). This beam loading
device is illustrated in Figure’G. When the beam is approximately horizontal a specimen
of initial length 1, will be deformed at constant tensile stress if

L = L1L2

3 1,

A series of Ti/D-43 diffusion couples were prepared by diffusion bonding 2 mil
titanium foil to 20 mil D-43 sheet specimens 0.3 inches wide and 2.5 inches long. The
titanium foil was bonded to both surfaces of the flat D-43 specimens making a Ti/D-
43/Ti sandwich. These diffusion couples were anneéled in a vacuum for various lengths
of time at 2200°F. After the various heat treatments, the structures were examined
metallographically, and the hardnesses were measured using a Knoop indenter and a

100 gram load.

Initially, some difficulty was encountered in diffusion bonding the titanium foil
to the D-43 sheet. Bonding was found to be unsatisfactory toward the edges and ends

of the diffusion couples. The region toward the edge of a specimen that was soundly




bonded near its center is shown in Figure 7. Varicus combinations of time,
temperature, pressure and surface preparations were tested to improve honding. The
bonding conditions selected were 30 seconds at 2200°F using a bonding pressurc of
6500 psi and D-43 specimens whose surfaces had been flattened by sanding prior to

bonding. Bonding was accomplished using a 0.4 inch by 1.75 inch TZM elcctrode

with a tungsten-rhenium tip.

The concentrations of carbon and oxygen in the diffusion couples was detcr-
mined by combustion-conductimetric and vacuum fusion analysis, respectively. The
nitrogen concentration was also determined by vacuum fusion analysis. However, it
is not reported in this investigation because the initial nitrogen concentration of the
D-43 is relatively low (~1/12 that of carbon and 1/6 that of oxygen). In addition, the
analysis for nitrogen in the presence of titanium is not sufficiently accurate to yield

data for a reliable study of the interstitial sink effect.




IV. RESULTS AND DISCUSSION

The results presented in this report are for titanium bonded to D-43 (Std)
and D-43 (Dup F). The experimental data for titanium bonded to D~43 (Dup D) will
be presented in a later report.” The results of a series of chemical analyses for carhon
and oxygen in Ti/D-43 diffusion couples, the structures observed metallographically,

and the hardness of these structures are presented below.

4.1 THE CONCENTRATION OF INTERSTITIALS IN D-43

After the diffusion couples had been heat treated at 2200°F, selected pieces of
each couple were prepared in several different ways for carbon and oxygen analysis.
A length of the Ti/D-43/Ti sandwich was analyzed to determine if a loss or gain in
overall interstitial concentration had taken place during the vacuum heat treatments.
In this regard, specimens of D-43 that had been vacuum heat treated in the "as-received"
condition, without titanium bonded to their surfaces, were also analyzed for their carbon
and oxygen concentrations. These specimens which will be referred to as standards,
were used to check the vacuum atmosphere as a possible interstitial source or sink for
the D-43. Another portion of the diffusion couples was analyzed after the titanium had
been removed by chemically thinning the couple to 14 mils. This center section was
well below the zone of titanium diffusion into the D-43 that could be detected by metallo-
graphic examination. This analysis was used as a measure of the final oxygen and

carbon concentrations of the D-43 after exposure to the titanium sink.

The results of a series of analysis for D-43 (Std) diffusion couples annealed at
2200°F are listed in Table I. The overall oxygen and carbon concentrations of the Ti/-
D-43/Ti sandwich are relatively constant for specimens annealed different lengths of
time at 2200°F. The analysis of the Standard suggests that the vacuum heat treatments
for 16 and 57 hours may have decreased the carbon concentration of the specimens some-
what. The oxygen concentration of the Standard, however, does not seem to be signifi-
cantly changed by the vacuum heat treatments, although the analysis shows some scatter.
Both the oxygen and carbon concentrations of the D-43 are decreased by annealing it in
contact with a titanium sink. This is shown in Table I by the progressive decrease in
the oxygen and carbon concentrations of the D-43 (Ti removed) with inc reasing annealing
times. These data are also shown plotted in Figure 8. For these conditions, the carbon
is more effectively removed by the titanium sink than is the oxygen. The final concen-
trations of carbon in D-43 are in good agreement with predictions (Figures 3 and 4) for

columbium for similar thickness ratios and purities. However, the final oxygen

10
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concentration is somewhat larger than the predicted value (Figures 3 and 5).

These analyses show that the concentrations of both oxygen and carbon in the
D-43 are significantly decreased by the action of the titanium sink. In this regard,
titanium reduces the concentration of carbon in the D-43 more than the concentration
of oxygen as predicted for columbium (Figures 3,4 and 5). This decrease in interstitial
concentration is not significantly influenced by the effect of the "vacuum'' atmosphere

during annealing.
4,2 STRUCTURAL STUDIES

The structures of the titanium and the D-43 components of the diffusion couples,
as revealed by metallographic examination, were studied separately because of differ-
ences in their etching characteristics. The effects of the 2200° F heat treatments on
the structure of the titanium sink are presented first. This is followed by a presenta-
tion of the structural changes detected in the adjacent D-43. In this discussion, the
structural changes are correlated with the decrease in carbon concentration of the D-43
detected by the chemical analysis since this was the interstitial whose partition was

primarily affected by the action of the titanium.,

4,.2.1 The Structure of Titanium

Figures 9 through 14 show the structural changes observed in the titanium foils
for specimens annealed various lengths of time at 2200°F. The structure of titanium
did not appear to be affected i)y differences in the initial structure of the D-43 with
which it was in contact. Thus, Figures 9 through 14 show titanium structures that are
typical of both Ti/D-43 (Std) and Ti/D-43 (Dup F) diffusion couples.

As shown in Figures 9 through 11, both alpha and beta titanium are present in
the microstructures of specimens annealed less than four hours at 2200°F. This two-
phase structure is believed to have formed when the specimens were cooled from the
annealing temperature, since 2200°F is well within the beta phase region for titanium.
For the longer annealing times, however, the titanium is single phase. This phase is
believed to be beta titanium since diffusion of columbium from the D-43 into the
titanium will stabilize the beta phase. The grain boundaries in the titanium tend to be
obscured by the initial two-phase titanium structure as shown in Figures 9 and 10.
However, as this two-phase structure is replaced by a single phase at longer annealing

times, the grain boundaries are more easily detected (Figures 11-14).

As shown in Figures 10 and 14, a new phase which may be TiC (Knoop hardness
>2800) is present in all the specimens annealed at 2200°F. This phase appears to

12




form preferentially at the intersections of titanium grain boundaries with the titanium
surface, although it was also observed within the titanium matrix away from grain
boundaries. For convenience during the following discussion, this phase will be
termed, TiC although it has not yet been positively identified. However, reference
to Figures 3 and 4 shows that the thickness ratio (5/1) and titanium purity (1000 ppm
carbon) of the D-43 are well within the range where TiC can form in the titanium foil.
In this regard, titanium saturated with carbon can no longer act as a sink for reactive
interstitial compounds such as ZrC since the chemical potential of carbon in TiC is
higher than that of carbon in ZrC. Titanium saturated with carbon would be an effec-

tive sink only for carbides of lower chemical potential such as columbium carbide and
for carbon in solution in excess of that in equilibrium with any ZrC that may form.

The formation of TiC in specimens annealed for only 15 minutes at 2200°F
suggests that carbon diffuses very rapidly from the D-43 into the titanium sink. This
can be accounted for if the diffusion of carbon in D-43 is considered to be about the
same és the diffusion of carbon in its primary constituent, columbium. At 2200°F
the volume diffusion of carbon in columbium is several orders of magnitude less than
the volume diffusion of carbon in titanium. Thus, the rate controlling step is likely
to be the slower volume diffusion of carbon in columbium. It can be shown from a
solution of Fick's law that the partition of carbon to titanium will be essentially complete
when Dt/L2 = 1. Taking D, the diffusion of carbm in columbium, as 5 x 10-8 cm2/sec
and L, the half thickness of the D-43 sheet, as 0.025 cm (10 mils), the time, t, is
found to be about 3 hours. Although many factors such as the grain boundary diffusion
of carbon in the D-43 and the dissolution rate of the various carbides in D-43 have been
neglected, this simplified calculation is probably good enough to yield an approximate
time for the decarburization of D-43 by titanium. On this basis, a rapid migration of
carbon from the D-43 to the titanium sink will occur at 2200°F. This is in agreement
with the observations of carbides in titanium in contact with D-43 after short annealing
times at 2200°F.

Carbides in titanium grain boundaries and at their termination with the surface
shown in Figures 11 to 14 are evidence for the prominent role that grainboundary dif-
fusion plays in the diffusion of carbon in titanium. However, as previously discussed,
the rate controlling step in the decarburization of D-43 is likely to be the slower diffu-

sion of carbon in D-43.
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The migration of the Ti/D-43 interface in this series of specimen can be
monitored by observing the migration of the porosity and debris that existed in the
original bonded interface. Interfaces distinguished in this way have been used in
place of Kirkendall markers for diffusion measurements in Cb/Ti alloys, and these
experiments have shown that the intrinsic diffusion of titanium is greater than that of
columbium (2). Thus, the Kirkendall markers would be expected to migrate toward
the titanium if the Ti/D-43 diffusion couples behave as if they were composed of titanium
and columbium. A shift in the markers toward the titanium surface does occur as can
be seen in Figures 11 through 14. In these photomicrographs, the Kirkendall interface
appears as a horizontal line within the titanium diffusion zone. The observed migration
of this interface indicated by the displacement of this line shown in Figures 11 through
14 suggests that the net flow of metal atoms into the D-43 is greater than that out of
the D-43. In addition, the displacement of the marker toward the titanium surface is
approximately proportional to the square root of time as would be anticipated for marker
movement controlled by diffusion. This also implies that porosity formation resulting
from vacancy precipitations does not play a significant role in these experiments since

marker movement is inversely proportional to the volume of pores formed.

4.2.2 The Structure of D-43

Figures 15 through 22 show the structural changes induced in D-43 (Std) and
D-43 (Dup F) by annealing this alloyat 2200°F in contact with a titanium sink. The hori-
zontal edges of the specimens on the top of the photomicrographs were in contact with
the titanium during annealing. The additional etching required to reveal the D-43
structure, however, has attacked the titanium foil to such an extent that it is no longer
evident in these photomicrographs. For comparison, D-43 specimens without titanium
bonded to them were heated together with the Ti -D-43 diffusion couples. In the follow-
ing discussion the structure of the D-43 heated in contact with titanium for different
annealing times is compared with the structure of identically heat-treated D-43 without

tfitanium.

Figure 15 shows the structure of D-43 (Std) prior to annealing, and Figures 16
through 20 show the structure of D-43 (Std) annealed for various lengths of time at 2200°F.
The structure shown in Figure 16(a) (D-43 annealed with Ti) appears to have less precipi-
tates toward the edge of the specimen than the structure shown in Figure 16 (b) (D-43
annealed without Ti). This suggests that carbon migration to the titanium sink has re-
duced the concentration of carbide precipitates in this region. As previously discussed,

a new phase believed to be TiC was observed in the titanium foil for this specimen after

15 minutes annealing time at 2200°F,
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On further annealing, grain growth in the D-43 is evendent toward the edge of
the specimen which was in contact with the titanium sink. This is shown in Figures 17
and 18. Grain growth in these specimens is believed to be induced by the dissolution
of the interstitial phases that tend to anchor grain boundaries in this alloy. The effect
of the titanium sink on structure is clearly evident in Figures 19 and 20. The specimens
annealed in contact with the titanium (Figures 19(a) and 20(a) have large well defined
grains with relatively straight boundaries, whereas the specimens annealed without a

titanium sink (Figures 19(b) and 20(b) have smaller more irregularly shaped grains.

It is evident that a titanium sink promotes grain growth in D-43 (Std). This is
believed to be caused by a reduction in interstitial second phases (primarily carbides)
that tend to restrict grain boundary migrations. However, these results show that
grain growth or grain boundary migration also occurs in specimens annealed for the
same length of time without a titanium sink. This can be seen from a comparison of the
structures shown in Figure 15 (as-received material) with that shown in Figure 20(b)
(57 hours at 2200°F).

The effect of the titanium sink on the structures of D-43 (Dup F) is much less
pronounced than the structural changes observed in D-43 (Std). As shown in Figures
15 and 21, the grains in the D-43 prior to annealing at 2200°F are more distinctly
outlined by second phase precipitates and are larger in size in the D-43 (Dup F) than
in the D-43 (Std). After the D-43 (Dup F) specimens have been annealed in contact
with titanium, the grains are about the same size but the grain boundaries are noticeably
straighter than the boundaries prior to annealing. This structural change, shown in
Figures 21 and 22(a), is induced by the titanium sink rather than being merely an effect
of the additional annealing time. This is evident from a comparison of Figure 22(a)
@nnealed with a titanium sink) and Figure 22(b) (annealed without a titanium sink).
Extending the annealing time to 57 hours did not produée any detectable change in the
structure of the D-43 (Dup F).

These observations suggest that the dissolution of interstitial precipitates in
the D-43 (Dup F), induced by interstitial migrations to the titanium sink is responsible
for the change in grain morphology. A decrease in the concentration of second-phase
particles anchoring grain boundaries will permit the boundaries to straighten and thus
lower the overall boundary area and energy. However, the initial grain size in D-43
(Dup F) appears to be an equilibrium one since grain growth was not observed in speci-
mens annealed extended time at 2200°F.
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4.3 HARDNESS

The hardness changes detected in the titanium were about the same for the
Ti/D-43 (Std) and the Ti/D-43 (Dup F) diffusion couples annealed at 2200°F. However,
the scatter in the hardness values for the titanium foils made precise comparisons
difficult. As shown from a comparison of Figure 23 with 24, the hardness of the
titanium sink is increased when the diffusion couple is heat treated 15 minutes at
2200°F. Extending the heat treating time to 57 hours, however, did not significantly
increase the hardness of the titanium (Figure 25). The diffusion of carbon from the
D-43 into the titanium is believed to contribute to the rapid increase in the hardness of
the titanium. As previously discussed, a new phase observed in the titanium after the
diffusion couples were heat treated at 2200°F is believed to be TiC. The hardness of
this phase ( >2800 Knoop), shown in Figure 26, probably contributes to the overall

hardness of the titanium.

The hardness of the D-43 (Std) is initially about 220 while that of the D-43 (Dup F)
is about 180. The hardness of the former decreases with increasing annealing time
to about the hardness of the latter. This decrease in hardness of the D-43 (Std)
induced by annealing it in contact with titanium can be seen from a comparison of the
hardness traverses shown in Figures 23 and 25. However, this decrease in hardness
cannot be attributed to the interstitial sink effect because it was found that the D-43
(Std) after being heat treated without titanium underwent a similar decrease in hardness.
In contrast with this behavior, the hardness of the D-43 (Dup F) was unchanged by the
2200°F annealing treatments for specimens annealed both with and without a titanium

sink.
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V. FUTURE WORK

Studies of the progressive effects on structure of the gradual removal of
interstitials from D-43 to a diffusion bonded titanium sink will be continued for
both the standard and duplex heat treated conditions. The alloy will be heated
for various lengths of time at 1800° F and 2200°F in contact with a titanium sink
to allow interstitial partition to take place. The structural changes observed will

be correlated with the creep behavior of these specimens in later tests.

The effects on the partition of interstitials and the accompanying structural
changes induced by varying the chemical potential (partial molal free energy) of
the interstitial sink will be studied. D-43 will be diffusion bonded to a series of
Ti-Cb alloys of different compositions (and thus varying chemical potential).

The composites will be annealed under conditions to permit interstitial partition

to approach equilibrium values.

Creep tests will be performed on D-43 in the 2200°F temperature range in
a vacuum of 1078 Torr to correlate the structural effects noted in the initial phase
of this study with primary creep behavior. Creep measurements will be made be-

fore and after exposure of the alloy to a titanium sink.
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D-43

(500 X)

FIGURE 7. THE EDGE OF Ti/D-43 DIFFUSION BOND
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D-43

(500 X)

FIGURE 9. Ti/D-43 (CENTER) AS BONDED
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FIGURE 10. Ti/D-43 ANNEALED
15 MIN. at 2200°F
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FIGURE 11. Ti/D-43 ANNEALED
1 Hr. 2200°F
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FIGURE 12. Ti/D-43 ANNEALED
4 Hr. at 2200°F
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FIGURE 13. Ti/D-43 ANNEALED
16 Hr. at 2200°F
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(500X)

FIGURE 14. Ti/D-43 ANNEALED 57 Hr. at 2200°F

FIGURE 15. THE STRUCTURE OF
D-43 (Std) PRIOR TO
ANNEALING at 2200°F
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FIGURE 16. D-43 (Std) ANNEALED 15 MIN. AT 2200°F
A. In Contact with a Ti Sink
B. Without a Ti Sink
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(500X)

FIGURE 17. D-43(Std) ANNEALED

1 Hr. at 2200° F IN

CONTACT WITH A Ti
SINK

FIGURE 18. D-43 (Std) ANNEALED

4 Hr. at 2200°F IN

CONTACT WITH A Ti
SINK




FIGURE 19.
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(500 X)

D-43 (Std) ANNEALED 16 Hr. at 2200°F

A. In Contact with a Ti Sink
B. Without a Ti Sink
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(500 X)

A

FIGURE 20. D-43 (Std) ANNEALED 57 Hr. at 2200°F
A. In Contact with a Ti Sink
B. Without a Ti Sink
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FIGURE 21. D-43 (Dup F) PRIOR TO
ANNEALING AT 2200°F
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(500 X)

FIGURE 22. D-43 (Dup F) ANNEALED 16 HRS AT 2200°F

A. In Contact with a Ti Sink
B. Without a Ti Sink
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FIGURE 25.

x FIGURE 26.

HARDNESS OF Ti/D-43
(Std) ANNEALED 57 Hrs
at 2200°F

HARDNESS OF SECOND
PHASE IN Ti FOIL



